Abstract. Much of the interest in food webs has been driven by a search for universal patterns that could indicate common organizing principles. In an approach that treats food webs as transportation networks (represented by minimum spanning trees) it was recently shown that food webs exhibit universal scaling relations, analogous to those found in river networks and vascular systems. It was concluded that this pattern is due to an optimization process acting in ecological communities. Here we construct minimum spanning trees using Monte Carlo simulations of a simple model that has two parameters that control the proportion of basal species and limit food-chain length, respectively. We show that when the food-chain length is of a similar size to that reported for real food webs, the universal scaling relations readily emerge in the model. This result is robust in a wide range of values for the proportion of basal species. We therefore conclude that the processes that limit food-chain length in ecological communities are sufficient to explain the observed universal scaling relations in food webs, and that complicated adaptive explanations are not required.
INTRODUCTION
Uncovering general patterns in communities is a major goal of ecology. General patterns suggest that general processes may be operating so that apparently diverse and idiosyncratic communities may possess common organizing principles. Such pattern detection has been a major thrust of research into food webs (Pimm 1982 , Cohen et al. 1990 , Martinez 1992 , Bengsston and Martinez 1996 , Williams and Martinez 2000 , Montoya and Sole 2003 , and while the emphasis has been on qualitative (binary) food webs, progress is being made into quantitative food webs where population sizes and the strengths of links are also taken into consideration (Mü ller et al. 1999 , Bersier et al. 2002 , Lewis et al. 2002 , Jordán et al. 2003 . Ultimately the goal of such a comparative approach should be to uncover the causes of any observed universal patterns (Havens 1992) .
One method of searching for common patterns in food-web ecology is to examine the topology of reported food webs. This approach has increased in popularity, perhaps due to the interest in networks across a wide range of physical, social, and biological systems and references therein). Treating food webs as networks opens up the analysis to a variety of statistical measures, the most well known of these probably being the connectance (the proportion of all possible links that is realized). Much emphasis has been placed upon searching for scale-free patterns in connectance (Sugihara et al. 1989 , Cohen et al. 1990 , Havens 1992 , Martinez 1992 , Warren 1994 , Montoya and Sole 2003 , since such patterns would show that similar organizing principles operate regardless of whether the community is species rich or species poor. Early analysis suggested that the connectance within food webs is roughly constant (Pimm et al. 1991 , Havens 1992 , Martinez 1992 and that the number of trophic links between species scales with the number of species (Martinez 1992 , Fox and McGrady-Steed 2002 . In contrast, more recent analyses have revealed that connectance is not constant (Montoya and Sole 2003) , and that most food webs tend not to be scale-free in the number of links per species (Dunne et al. 2002, Montoya and Sole 2003) .
Other network statistics are also emerging in foodweb analysis. For example it has recently been shown that food webs tend to show two degrees of separation (Newman 2000 , Dodds et al. 2003 ; that is to say that most species are within two trophic links of one another and that 95% of species are within three trophic links of one another . This is important because such high degrees of direct and indirect connectivity between species can lead to profound community wide effects of loss of biodiversity. These results are somewhat different from those for other networks such as social networks where it has been shown that there are higher degrees of separation (Dodds et al. 2003) , and more generally it has been argued that food webs fail to show other statistical properties of networks from a wide variety of systems .
However, in a recent investigation a number of reported food webs were analyzed using methods first
UNIVERSAL SCALING RELATIONS IN FOOD WEBS
Reports developed for analyzing transportation systems (Garlaschelli et al. 2003) . The results of this analysis showed that, similar to river networks and vascular systems, there is a universal scaling law in the topology of the transportation-network aspect of food webs, despite significant variation in other food-web characteristics. The value of the scaling exponent suggests that food webs are highly efficient energy transportation systems. The authors argued that the process that generates this scaling law occurs in a model where the member species are able to evolve (Caldarelli et al. 1998) , suggesting that some sort of optimization process leads to the allometric relationship in the transportation-network aspect of food webs (Garlaschelli et al. 2003) .
In this paper we revisit the allometric relationship reported by Garlaschelli et al. (2003) and ask what biological processes may cause the observed pattern. We show by way of a simple, biologically motivated, null model that this universal scaling law occurs readily and that the value for the exponent is very much dependent on the number of trophic levels. We find that our model best fits the data when the number of trophic levels is of a similar magnitude to those reported for real food webs. From this we conclude that the universal scaling law is due to the well-known limitations on food-chain length (Hutchinson 1959 , Slobodkin 1960 , Pimm and Lawton 1977 , Pimm 1982 , Post 2002 , and that the reported pattern is trivial and does not greatly contribute to an understanding of how ecological communities are structured.
METHODS

The food-web statistics
The analysis of Garlaschelli et al. (2003) is based on minimum spanning trees (MST) derived from published food webs. In a MST only those links from the web are retained that connect each node (species) to the environment by the shortest possible route, and as such are thought to give a representation of the main transportation routes within the network. The ''environment'' here is the most basal node in the network on which all primary producers feed.
From the MSTs two correlated statistics, A and C, are computed. For each species i in the MST, A i is computed by summing the number of species that directly or indirectly consume i, including species i itself. From this C i is computed as
i k k the sum again being taken over all k species that directly or indirectly consume species i plus species i itself. Calculation of such statistics is typical for transportation networks, and by plotting C i as a function of A i , a scaling relation may be observed such that C ϰ A (see Garlaschelli et al. 2003) . The exponent is easily computed by plotting log C against log A, and the resultant best fitting line has a slope that corresponds to . As in Garlaschelli et al (2003) we include the environment in this statistic, but ignore all species at the tips of the branches, i.e., where A i ϭ C i ϭ 1, since this point is always present and skews the slope. Garlaschelli et al. (2003) found that published food webs all have estimated values of in the range 1.13-1.16 with an error of Ϯ 0.03, but that they differ significantly in the number of loops they contain (''loops'' here meaning multiple pathways to the same consumer, only the shortest of which are retained in the MST). The scaling parameter describes the degree to which a MST is star shaped or chain like. It has a minimum value of 1 when all species in the web feed directly on the environment, and a maximum value of 2 when all species form a chain, sequentially feeding on each other. High values of will therefore tend to be associated with relatively long food chains and low values with relatively short food chains. Empirical observations point to there typically being only 2-4 trophic levels in food webs (Slobodkin 1960 , Pimm and Lawton 1977 , Pimm 1982 , Sugihara et al. 1989 , Cohen et al. 1990 , Williams and Martinez 2000 , Garlaschelli et al. 2003 , which begs the question whether the values of observed by Garlaschelli et al. (2003) could be explained by limitations on food-chain length.
The null model
Since the argument is that the MST aspect of food webs forms independently of other food-web characteristics, we focus on methods for constructing MSTs that are able to produce similar properties to those described for real food webs, unconstrained by other food-web properties. Garlaschelli et al. (2003) argue that 1.13 may represent the real value for the universal scaling parameter, so our aim is to identify the conditions under which ϭ 1.13 Ϯ 0.03 arises. The approach used in this paper is a Monte Carlo simulation of a simple model, which is outlined below.
We start with a pool of S species. From this pool we first assign a proportion, ␤, to become primary producers (basal species). The remaining S Ϫ (S␤) species then sequentially join the MST. (We have also run the simulation where each species is assigned to become a basal species with probability ␤, and this does not change the results given below.) In our model a new species joining the community randomly chooses one of the species already present as its primary food source. By introducing a weighting to the probability of a new species consuming a species at a higher trophic level, the food-chain length can be further restricted. The magnitude of the weighting is controlled by a parameter (, see below), which can be thought of as a measure of the strength of the processes that restrict food-chain length in natural communities, be it the inefficiency of energy transfer between trophic levels (Slobodkin 1960) , the increasing instability of population dynamics in longer food chains (Pimm and Lawton 1977), or a complex interaction of various factors (Post 2002) . Each new species that is not a primary producer is assigned to join (consume) a node (species) already in the tree with a weighting, w, that is a function of the trophic level of the species already in the tree. If we assume that species i is already assigned to the MST then the probability that species j from the pool of unassigned species consumes species i is
where T is the total number of species currently in the MST, t x is the trophic level of species x, and is a parameter that determines how rapidly the cost of being in a higher trophic level increases. We then use Eqs. 2a and 2b to probabilistically assign a prey item to each species in the pool (until T ϭ S). For each independently assembled MST, we compute the scaling exponent , as well as the maximum chain length, t max (which is equal to the species with the highest trophic level and thus synonymous with maximum trophic level). The environment is included as a species and is given a trophic level of 0; all primary producers are therefore in the first trophic level, all consumers of primary producers are in the second trophic level, and so on. Thus, other than for the basal species, the trophic level of a species is not predetermined, but is assigned probabilistically when the species joins the tree. We use the term ''trophic level'' with caution as there are many problems of interpreting real food webs using the notion of trophic levels (Polis 1991, Polis and Strong 1996) . However, in MSTs the interpretation of trophic levels is clearer since all loops have been removed, leaving at most one link into each species, and therefore each species falls into a particular trophic level.
Using the simulation procedure and summary statistics outlined above we investigate the effect of increasing the cost of belonging to a higher trophic level, , and the proportion of basal species, ␤, on the scaling relation . For each combination of and ␤, 1000 independent MSTs are produced, and from these we compute the mean and variance for the scaling exponent . We also measure the mean maximum trophic level in the MSTs for each combination of parameter values. Finally, we investigate the effect of the size of the species pool, S, on the mean value of and variation in for fixed values of and ␤.
RESULTS
From very simple assumptions it is possible to reconstruct minimum spanning trees (MSTs) with scaling relations similar to the real food webs (Fig. 1) . The scaling relation is sensitive to both the cost parameter, , and the proportion of basal species, ␤, but there is a large region of parameter space where the scaling relations fall within the ranges reported for real food webs (Fig. 2a) . When the cost to join a higher trophic level is relatively small, the ranges of reported by Garlaschelli et al. (2003) can be reached if there is a high proportion of basal species. However, when is high, the results are relatively insensitive to ␤; unless ␤ is very high, falls within the required range. Lower values for are invariably associated with short chain lengths (Fig. 2b) , and within the region 1.1 Ͻ Ͻ 1.16, the mean longest food chain is within the range reported by Sugihara et al. (1989) for 60 food webs. Plotting as a function of the mean maximum chain length that emerges makes the relationship between the two very clear; chain lengths longer than 4 do not reproduce the range of evident in real food webs (Fig.  2c) . Note that drops off towards 1 as the mean maximum chain length approaches 2, and this region is associated with a very high proportion of basal species (compare to Fig. 2a and b) . Indeed, as is clear from Fig. 2a , the values that fall below the ϭ 1.1 line are invariably associated with a very high proportion of basal species (␤ Ͼ 0.7).
The size of the species pool, S, also has an effect on the values returned for (Fig. 3) . When the food webs are relatively small the mean value for increases, which is in accordance with the results of Garlaschelli et al. (2003) . For food webs that have more than 150 species there is little variation in . (minimum spanning trees) is able to predict universal scaling relations. By adding a constraint to long food chains to this model, it matches closely the value of the scaling exponent observed in real food webs (Garlaschelli et al. 2003 ). While we have only investigated a specific form to the cost of being in higher trophic levels, it is very unlikely that the results will change for different forms of w i (e.g., an exponential increase in cost [F. J. F. van Veen and D. J. Murrell, unpublished data]); it is the chain lengths that emerge that are critical to the matching of the theory to the data (Fig. 2) . Null models have enjoyed a productive history in biology (Kimura 1968 , Doak et al. 1998 , Bell 2001 , Hubbell 2001 , Volkov et al. 2003 , Vázguez 2005 and we believe that the universal scaling relations reported by Garlaschelli et al. (2003) are a good example where a null model can describe accurately the biological pattern observed. Once this is the case, other complicated adaptive explanations, such as those offered by Garlaschelli et al. (2003), become unwarranted. We therefore believe that the universal scaling relationship they reported is trivial and does not contribute to our understanding of how food webs are organized beyond showing that minimum food chains are generally short.
The main message from this study is that the socalled ''universal scaling relation'' reported by Garlaschelli et al. (2003) is due to the short chain lengths that emerge when food webs are reduced to MSTs (see also Sugihara et al. 1989 : Table 1 ). In our model short chain lengths have been achieved by incorporating a cost to species joining (consuming) species at higher trophic levels. Since the focus of the pattern is on MSTs, one must ask what other processes might lead to the short-circuiting in food webs to produce short chain lengths in the resulting MSTs. One such process could be diet switching by predators as they grow.
F. J. FRANK VAN VEEN AND DAVID J. MURRELL Ecology, Vol. 86, No. 12 Many predators, particularly in aquatic communities, consume different prey at different life stages. When reducing food webs to MSTs only the early stage links, where the predator is likely to consume prey at a lower trophic level, are likely to be retained, and it is this that could lead to consistently short chain lengths. As we discuss below such a process does bring into question the validity of using MSTs in the analysis of food webs if the resolution of the nodes is not carefully considered.
The food webs analyzed by Garlaschelli et al. (2003) have a proportion of basal species ␤ Ͻ 0.20, which is very similar to proportions reported for other webs (Cohen et al. 1986 , Sugihara et al. 1989 , Schoenly and Cohen 1991 , Martinez 1992 , and well within the range of values for which it is possible to obtain 1.1 Ͻ Ͻ 1.16 using the null model developed here (Fig. 2a) . In contrast, Havens (1992) investigated 50 pelagic food webs where the proportions of basal species were generally much higher, with the mean being ␤ ϭ 0.5. Our model suggests that even at these higher proportions of basal species should still be within the range reported by Garlaschelli et al. (2003) . The proportion of basal species in a food web is sensitive to aggregation of species into trophic species (Sugihara et al. 1997) . Since aggregation, especially of basal species, is the norm in most published food webs, reported proportions of basal species may reflect aggregation of taxa as much as actual community structure and should therefore be treated with a degree of caution. At high values of (for which there are good biological reasons; Slobodkin 1960 , Pimm and Lawton 1977 , Post 2002 , our model becomes relatively insensitive to ␤ (Fig. 2a) . Indeed at values of Ͼ ϳ8 the scaling parameter always falls within the range reported by Garlaschelli et al. (2003) as long as ␤ Ͻ 0.7.
The model presented here focuses on MSTs and so cannot be expected to recreate other food-web properties without considerable modification; reducing food webs to MSTs removes much of the interesting information that resides in the multiple links between species (Polis and Strong 1996 . Aside from these limitations there may also be some methodological problems with the application of MSTs to food webs. For example, the chain-length minimization criterion that was employed by Garlaschelli et al. (2003) to derive MSTs from food webs is based on the assumption that the shortest pathway to each species is the most important one in terms of resource flow. Naturally, when only information on the presence or absence of links is available, as in binary food webs, there is no way of testing this assumption. Garlaschelli et al. (2003) argued that the inefficiency of resource transfer between trophic levels (Slobodkin 1960) would lead one to expect that short chains deliver more resources. Quantitative studies of food webs, however, show there to be a ''few strong, many weak''-type distribution in trophic links (Bersier et al. 2002) and the chain length minimization criterion may well remove many of the strong links in favor of weaker ones to a lower trophic level (Winemiller 1990 ). In our view it is therefore more likely for a spanningtree approach to reveal new insights into food webs if, instead of a chain-length minimization criterion, information on interaction strength (expressed as biomass flux; Berlow et al. 2004 ) is used to identify the main transportation pathways. A further potential problem with the application of MSTs to food webs is that it carries the implicit assumption that each node (''trophic species'') draws the bulk of its resources from a single source. This assumption depends critically on the criteria used for lumping taxonomic species into trophic species, something which has proven notoriously difficult to standardize (Yodzis and Winemiller 1999) . Even species-level resolution throughout the data set may cause problems when, as mentioned above, different developmental stages of a species feed on different sources, causing top predators to be linked to lower trophic levels due to the behavior of their juvenile stages.
Analyzing food webs as transportation networks is a potentially interesting approach. However, we have shown that a restriction on the number of trophic levels in food chains is an adequate explanation for the constant scaling relationship observed in the MSTs of a number of real food webs. From this we conclude that the discovery of such a constant allometric scaling property does not introduce a novel insight into processes that determine the way in which communities are structured. Moreover, the MST approach ignores much of the biological complexity (e.g., different strengths of interaction, changes in interaction strength with age of consumer) that goes to shape community patterns. We suspect that major new insights are more likely to come from building on the knowledge gained from binary food webs and patterns in their topology and extending this to quantitative food webs and descriptors for quantitative networks (Bersier et al. 2002 , Jordán et al. 2003 , Berlow et al. 2004 .
